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a b s t r a c t
This article is mainly a counterpoint to an article by Swift-Hook in the journal of Renewable Energy titled
“Grid-connected intermittent renewables are the last to be stored”. It also describes the four main
distinct UK markets where electrical energy and services are traded, in order to provide a context for the
discussion of renewable energy and energy storage in the UK electricity system. In Swift-Hook’s article it
was argued that “grid-connected intermittent renewables like wind energy will never be stored unless
nothing else is available” and that “storage is counter-productive for fuel saving”. We, however, ﬁnd
evidence that “grid-connected intermittent renewables” have been, and will continue to be stored when
it suits the “UK market” to do so. Furthermore, Swift-Hook’s article neglects the potential wider beneﬁts
that storage offers to UK energy policy’s goals, in terms of reduced emissions (when used in conjunction
with renewables) and enhanced security of supply.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
In an article in this journal titled “Grid-connected intermittent
renewables are the last to be stored”, Swift-Hook [1] makes
a number of important points relating to the “ﬁrm capacity” and the
“capacity credit” of wind power, in particular, that deserve wider
recognition and are well made in the article. First, is his perfectly
valid argument that every energy-generating plant properly
described has a “statistical chance” of being available when
required, to contribute to periods of peak demand. Second, is his
argument, notmade for the ﬁrst time, that wind power has capacity
credit greater than zero. Third, is his argument that in reality “all
plant has always been intermittent, including “base-load” nuclear”.
Indeed, we would further note, that the effect whereby the aggre-
gated output of geographically diversiﬁed wind energy sources is
less variable than a single site source, is naturally extended if the
generating mix includes a wider portfolio of differing renewable
resources, including wave and tidal e.g. Allan et al. [2].
However, Swift-Hookmakes two apparently crucial criticisms of
those who argue that storage may have a greater role to play given
an increased penetration of renewables. These arguments are ﬁrstly
that “grid-connected intermittent renewables likewind energy will
never be stored unless nothing else is available” and secondly that
“storage is counter-productive for fuel saving”. In Section 2 we
consider each of these arguments in turn. In Section 3 additional
reasoning is used to demonstrate that the article in question
neglects and thus understates the wider potential of energy storage
to contribute to meeting the agreed targets of UK energy policy. We
present brief conclusions in Section 4.
2. The Swift-Hook critique of the role of storage for
renewables
We begin by considering the argument that “renewables will
never be stored unless nothing else is available”, and then assess
the validity of the view that storage is “counter-productive for fuel
saving”. However, we ﬁrstly describe the UK market framework
that large-scale storage operates within.
2.1. UK market framework
In the UK, the British Electricity Trading and Transmission
Arrangements (BETTA) determine the arrangements and methods
of sale, purchase and transmission of wholesale electricity. There
are presently four main distinct markets for trading physical elec-
trical energy and services (as opposed to futures or derivatives of
physical energy); the forward market, the power exchange market,
the balancingmechanismmarket, and the ancillary services market
q The use of the word “storage” in this article is taken to mean large-scale bulk
electricity storage in the 100 MWhe10 GWh range unless otherwise stated. In the
UK these are exclusively pumped-hydro storage schemes at present. The use of the
word “renewables” is taken to mean non-dispatchable renewable energy genera-
tion unless otherwise stated.
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that is less directly connected to the sale of electricity. The volume
of electricity sold through the ﬁrst three of these markets are
described by the Association of Electricity Producers as over 90%
through the forward market, 3% through the power exchanges, and
2e3% through the Balancing Market [3].
The forward market is where wholesale electricity is traded
using bilateral contracts between key parties; in the main the bulk
generators of electricity and the “suppliers” of retail electricity to
ﬁnal consumers. Forwardmarket contracts between generators and
suppliers can take any form, and can be complex in nature
including clauses for delivery of differing amounts of energy at
different periods of the day. Each normal day is divided into 48 half
hour periods with a short day (46 periods) and a long day (50
periods) caused by British summer time clock changes. Dis-
patchable generators can take advantage of forward contracts with
time horizons for delivery varying from typically 24 h ahead to
a year ahead. Likewise, stochastic renewable generators can also
enter into long-term contracts with a “supplier” but are not likely to
include clauses for delivery at a speciﬁc time of day. An example
would be a contract for a supplier to take the entire output of
a wind farm for a speciﬁed period, e.g. 15 years [4]. In this case the
“supplier” is better able to manage the risk of imbalance within
their entire portfolio, but there will be a cost penalty to the
generator for the “supplier” having to shoulder the risk of potential
imbalances caused by the stochastic nature of non-dispatchable
renewables.
Physical information from all forward market trades relating to
a particular 30min period needs to be made available to the system
operator before gate closure (60 min before the real-time start of
that period) in order to allow the system operator (National Grid) to
balance the system in real-time for the duration of the period. FPN
is the term used for this information (an acronym of Final Physical
Notiﬁcation), and is termed “physical” due to the nature of the
information i.e. the actual amount of physical energy of the trade
rather than the price information associated with the trade, which
is a conﬁdential matter between the two parties to the forward
trade. As mentioned above e this market accounts for over 90% of
the volume of electricity traded in the UK.
The next largest market is the “power exchange” market, which
allows participants to trade in more standardised electricity
“products” anonymously. Typical “products” include an amount of
energy to be delivered during one 30-min period, and also over 2
and 4 h “blocks”, and take a simpler standardised form to aid
liquidity and trade within the market. The electronic trade
matching services provided by power exchanges can be viewed as
the market of last resort, where imbalanced contractual positions
on the forward market may be brought back to balance before gate
closure, by buying or selling “products” anonymously through the
exchanges. Stochastic renewables traded in this market are self-
limited to “products” that have time horizons for delivery that can
be forecast with a reasonable degree of accuracy, namely days to
hours ahead. The “products” are also subject to FPN regulations,
and so can also only be traded before gate closure. In addition to the
physical information, a weighted average price of the “products” is
also calculated by the power exchange, and provides the market
index data price for electricity for the particular period. The market
index data price has a bearing on the prices in the other markets
and is often referred to as the “spot market” price. This market
accounts for 3% of the volume of electricity traded in the UK.
The third market is the balancing mechanism market which is
conducted by the system operator in order to balance the network
in real-time. Generators and suppliers (purchasers) of electrical
energy provide bids, in order to decrease generation or increase
demand, and to provide offers, in order to increase generation or
decrease demand. These bids and offers are complex and include
information such as the amount and price of energy to be added to
or taken from the network, and also various technical parameters
regarding the speed at which the generation or demand can be
varied. The system operator compares FPNs to its forecasted system
demand and accepts bids and offers to physically balance the
system during the period. The 60-min window between gate
closure and the start of the 30 min period allows the system
operator to evaluate bids/offers not only on price but also by
considering network constraints and the technical limits of the bid
or offer e.g. how quickly can a generator ramp up or down output
during the forecasted imbalance. At the end of the period the
balancing and settlement code company (Elexon) uses metered
data to calculate the physical imbalances of the parties that had
submitted a ﬁnal physical notiﬁcation for a particular 30-min
period. The physical imbalances take into account deviations due to
bids/offers accepted by the system operator through the balancing
mechanism market. Ex post “system buy prices” and “system sell
prices” are calculated and form a basis with which to eventually
pass on the costs of correcting the imbalance to those parties that
have caused the imbalance. The eventual settlement prices are
intended to encourage parties to limit the size of their imbalances.
National Grid can be viewed as being responsible for physically
balancing the system in real-time using the balancing mechanism
market, whereas Elexon can be viewed as being responsible for the
ex post settlement of the costs of the real-time balancing to the
parties that caused the imbalance [5].
The ancillary services market forms a fourth distinct market
from the forward market, the power exchange market and the
balancing mechanism market. The UK system operator purchases
several differing types of ancillary services in order to cope with
unexpected circumstances, and in order to keep the network
frequency and voltage within statutory limits in real-time. These
services include frequency response, reserve services (over
differing timeframes), reactive power, maximum generation,
generation curtailment, and black start capacity [6].
Within this UK market framework it is indeed logical to suggest,
as Swift-Hook does, that the most expensive electricity is likely to
be the last to be accepted in the market, and also likely to be the
ﬁrst to be declined when demand falls. Also, his assertion that
charging of a storage device adds to the overall system demand at
that immediate time, and therefore adds to the amount of system
fuel required at that immediate time is also strictly true. He is also
correct to state that stored energy will inevitably suffer from
a round-trip efﬁciency loss, which indeedmeans that the amount of
energy returned to the system will always be less than the energy
taken from the system.
2.2. Renewables are the last to be stored
However, due to the nature of the UK electricity markets, we do
not believe that it is correct to state that “grid-connected inter-
mittent renewables like wind energy will never be stored unless
nothing else is available” or even, as the title of the article suggests,
“renewables are the last to be stored”. Any potential storage oper-
ator would be at liberty to negotiate a forward contract with
a renewable generator to purchase any agreed amount of the
generator’s output, in which case renewable energy would be
stored. It does not seem logical to suppose that storage operators
would deprive themselves of increased proﬁts by excluding a range
of potentially lower marginal cost generators. If, on the other hand,
the renewable generation is traded through the power exchange
market, the renewable generator’s price is likely to be less than that
of fuel-based generation due to it’s lower marginal cost, and so is
likely to be the ﬁrst to be traded. As the power exchange allows
anonymity between parties to a trade, the renewable generator and
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storage operator would be unaware of whom they are trading with.
If storage operators buy through the power exchanges, and
renewable generators sell through power exchanges, it seems
inevitable that as storage operators are seeking the cheapest elec-
tricity, and as renewable generators are likely to be selling the
cheapest electricity, then there is a high probability that renewable
energy will “not be the last to be stored”.
The relationship between storage charging, wind output and
market index data is explored with the following diagrams using
historic data from the 4th of November to 31st December 2009 [7,8].
Fig. 1 shows the UK network pumped storage charging load and
wind generation in units of power (MW) for the 48 periods per day
from 00:00 on the 4th of November 2009 to 24:00 on the 31st of
December 2009. It can be seen from this ﬁgure that during this
period, storage charging happens each and every day regardless of
the output of wind generation. However, it should be noted that the
values for wind are aggregated from differing wind generators, and
due to the anonymity afforded by the market structures, it is not
possible to determine how much wind energy may actually be
stored in a given period. We therefore believe it is incorrect to
suggest as Swift-Hook does, that “grid-connected intermittent
renewables like wind energy will never be stored unless nothing
else is available”, or indeed “the last to be stored” as these state-
ments imply a degree of certainty, which the market data does not
seem to support.
Fig. 2 shows a scatter plot of pumped storage charging and
discharging loads (in units of power) against themarket index price
(in units of £/MWh) for each period over the same timeframe as
Fig. 1. The data points with values less than 17.5 MW of either
storage charging or discharging have been removed from this ﬁgure
to improve clarity. It is thought that the low values represent the
operational load of the storage facilities as opposed to the charging
load, or periods with little or no discharging. On the x-axis it can be
inferred from this diagram that storage charging loads are broadly
clustered at a higher value than that of storage discharging loads.
Furthermore, on the y-axis it can be inferred that the charging price
is broadly clustered at a lower market index price than that of
discharging, as it is proﬁtable to sell the energy at a higher price
than it was bought.
Charging trend line y ¼ 0.0026x þ 30.562, R2 ¼ 0.2254,
observations ¼ 1086, x-coefﬁcient t-stat ¼ 17.76, intercept t-
stat ¼ 126.96.
Discharging trend line y ¼ 0.0171x þ 27.522, R2 ¼ 0.4845,
observations ¼ 1751, x-coefﬁcient t-stat ¼ 40.54, intercept t-
stat ¼ 81.51.
We believe that in the UK’s market structure renewable energy
generation has been and will continue to be stored when it proﬁts
storage operators to do so. It is a “market decision”, and, if increased
renewable generation leads to greater diurnal price variability, it is
expected that storage operators would take advantage of this.
2.3. Storage is counter-productive for fuel saving
Swift-Hook’s statement that “storage is counter-productive for
fuel saving” seems to be based on only one side of the storage
equation; the charging. The other side of the storage equation is
howmuch fuel is saved when the storage facility is discharged. If it
is assumed that all diurnal time-shifting storage takes place
through a power exchange then the additional fuels required to
meet the extra demand created by charging storage are likely to be
from more efﬁcient generating plant, as the storage operator is not
likely to store energy from less efﬁcient plant, due to its higher cost.
This stored energy is then likely to be sold back at a time when the
power exchange market prices are more expensive, e.g. when the
marginal price is set by less efﬁcient plant. This ability of storage to
time-shift the electricity generated by more efﬁcient plant to offset
the electricity generated by less efﬁcient plant could indeed lead to
overall fuel savings e it depends on the efﬁciencies of the various
generating plants and storage devices. It is not therefore valid to
argue using only one side of this argument i.e. that storing
renewable energy will lead to an increase in fuels to match the
immediate demand, without also considering the other half of the
fuel saving equation, which is the fuel saved by using the stored
energy at a later time.
Swift-Hook also does not consider the potential fuel-increases
associated with starting-up or shutting down various generating
plant. Adding to the amount of start-ups and shut downs not only
increases fuel use but also requires more plant maintenance. Plant
operators may wish to keep a plant running in the short term, even
if it is unproﬁtable, in order that the plant is available at a future
time when it is expected to be proﬁtable. Charging storage does
increase the immediate overall demand, but can allow plants to
remain generating (possibly at a lower reduced output), rather than
having to be shut down. In addition to offsetting less efﬁcient plant
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Fig. 1. UK pumped storage charging power and wind generation output. 4th Nov to 31st Dec 2009:48 periods per day.
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at a future time (as mentioned above), therewould certainly be fuel
saving resulting from the reduction in the overall plant start-ups
and shut down events facilitated by the energy storage system.
Indeed this aspect of bulk electricity storage in the context of wind
energy generation is far from new; early research highlighted this
role [9].
The deﬁning characteristic of storage in an electricity system is
precisely that it allows some deviation between the instantaneous
demand for electricity and instantaneous supply. Storage allows for
the possibility of inter-temporal substitution of electricity supply:
storing electricity when market prices are low; supplying elec-
tricity when prices are high. The incentive to private market
participants to provide bulk-storage capacity for time-shifting is
precisely the ability to take advantage of differences in the price of
electricity in different periods. The ongoing use of UK storage for
diurnal time shifting, in the context of signiﬁcant diurnal price
variations, demonstrates the strength of this (Fig. 2).
Of course, Swift-Hook is correct that there are round-trip losses
of energy involved in storage, but this, in itself, does not imply that
“having saved fuel in producing electricity, it makes no sense at all
to store it”. The mere existence of round-trip losses of energy
clearly does not imply that it is never “sensible” to store energy, and
there are at least potential ﬁnancial beneﬁts from doing so.
But Swift-Hook’s argument is couched in terms of fuel saving,
not in terms of the economics of storage. If the objective of the
system were to be to substitute the largest amount of fuel then
storage may appear at ﬁrst glance to be sub-optimal. However,
renewables generation can only actually substitute for fuel when
fuel-based generation technologies are being operated. If in the
future the supply of renewable energy is greater than demand for
a particular market period, then further fuel substitution could only
conceivably take place at a future market period when demand is
greater than renewable energy supply i.e. at a time when fuel is
actually being used. In this context, storage is a clear means by
which (future) fuel use can in effect ultimately be substituted by
(present) renewable generation.
However, “fuel substitution” is not an explicit stated goal of
energy policy, although it may be considered implicit. We turn next
to consider the stated goals of energy policy, and the possible
contribution of storage to them.
3. Wider energy policy considerations
The Energy White Paper: Meeting the Energy Challenge [10]
states two long-term energy challenges for the United Kingdom.
 Tackling climate change by reducing carbon dioxide emissions
both within the UK and abroad; and
 Ensuring secure, clean and affordable energy as we become
increasingly dependent on imported fuel.
And describes energy policy goals inter alia:
1. To put ourselves on a path to cutting the UK’s carbon dioxide
emissionse the main contributor to global warminge by some
60% by about 2050, with real progress by 2020; (the level of
60% has subsequently been raised to 80% by the Climate Change
Act 2008 (c.27)) [11].
2. To maintain the reliability of energy supplies;
We ﬁrst consider how large-scale storage capacity might impact
on these goals, and then discuss whether there is any case for
government intervention to support its development.
The impact of the availability of storage capacity in the UK
electricity system on emissions is naturally going to depend to
a large degree on the storage technology, and the use to which it is
put (for a comprehensive view of storage applications see Eyer and
Corey [12]). However, if renewables output is stored in periods of
low demand and then supplied to the market in periods of high
demand, storage could potentially reduce emissions by substituting
for future fossil-fuel based electricity generation, and market
forces, as we have noted, move in the right direction to encourage
such substitution. Furthermore, the greater the penetration of non-
dispatchable renewable generation requires a greater need to
invest in supply and especially demand ﬂexibility, ceteris paribus, to
accommodate the variability of renewables output, although in an
integrated system what matters here is variability of the aggrega-
tion of renewables output, not that of individual technologies or
sites. This increased ﬂexibility of energy systems is seen as a critical
part in the transition to low-carbon energy systems. Storage could
form one part of the solution to increase ﬂexibility, but there are
many others including demand side management, and also the
relocation of energy to differing energy carriers e.g. electrical
energy to heat or fuel [13]. It is important that differing methods of
providing ﬂexibility are viewed as complementary rather than
competitive, in order to promote lower-carbon energy networks.
Of course, the incentive to invest in storage capacity in the UK is
also going to be related to the ease with which electricity can be
imported to and exported from the UK, and hence the degree of
integration with the EU and elsewhere. A link of sufﬁcient scale to
Norway, for example, would give access to its hydro capacity, and
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a link of sufﬁcient scale to Europeanmarkets would increase the UK
market’s effective size. Nonetheless, there seems little doubt that
storage capacity in the UK could, in principle at least, and in
conjunction with renewables generation, be used to reduce UK
emissions.
Storage also offers potential beneﬁts in terms of security of
supply, irrespective of the source of energy. One of the main
reasons that the largest UK storage facility, the Dinorwig hydro-
pumped storage station (with a nominal capacity w10 GWh), was
originally built was to provide a rapid response in the event that
a nuclear power plant was quickly taken off-line. The ability of
storage to not only supply energy to a network, but also to take
energy from a network provides additional stability to a network
that is greater than an equivalent sized generator alone can provide.
However, due to the orders of magnitude difference between
existing levels of pumped-hydro storage in the UK and the energy
content contained within fossil fuel stocks, “storage” in terms of
fossil fuel stocks will continue to be seen as the dominant factor in
a strategy to improve security of supply [14]. For example, the EU
mandates minimum reserves of petroleum products, and the UK
has recently invested in a signiﬁcant expansion in gas storage.
Storage of fuels provides an insurance policy against sudden shocks
to supply or demand.
Finally, the decarbonisation of transport systems globally is seen
as a method for the rapid decarbonisation of the energy system as
a whole. Electriﬁcation of transport would provide an additional
demand on the electrical network, which could be favourable in
terms of ﬂexibility and resilience, dependent on how the extra
demand is integrated. Indeed, the potentially large increase of peak
demands from electrical vehicles on the distribution grid is an area
of concern that is being actively researched e.g. Perujo [15].
Embedded smaller scale storage throughout the distribution
network may well form part of the solution to managing distribu-
tion network demands to increase the resilience of the system.
Storage per se is historically costly, and many storage technol-
ogies are currently far from commercial viability. However, to the
extent that storage can, in principle, contribute to reducing emis-
sions and enhancing security of supply, there may be a case for
government support. As for renewables, this could take the form of
legally binding targets (as applied in the case of EU oil reserves), the
equivalent of a ROC or Feed In Tariff based on supplies to the grid
from stored renewable generation.
4. Conclusions
Swift-Hook’s article [1] makes a number of important points
about ﬁrm power and capacity credits for renewables. However, his
statements that “grid-connected intermittent renewables like wind
energy will never be stored unless nothing else is available” is not
valid and his statement “storage is counter-productive for fuel
saving” is based on a selective interpretation and is least convincing
when there is signiﬁcant renewables penetration. Furthermore,
Swift-Hook neglects the potential wider beneﬁts that storage offers
to UK energy policy’s goals, in terms of reduced emissions (when
used in conjunction with renewables) and enhanced security of
supply.
We have suggested thatmarket forces are likely to operate in the
“right” direction to encourage storage to take advantage of the
inter-temporal distribution of electricity prices. However, it seems
clear that many storage technologies are not yet approaching
commercial viability. It is at least worth exploring the case for
government support for storage technologies given their potential
to generate wider social beneﬁts (security of supply) and lower
social costs (emissions), on the same grounds e of stimulating
innovation and moving down learning curves e that are advanced
to justify support for new renewable technologies. However, any
case for intervention should ultimately be based on a thorough life
cycle and cost-beneﬁt analysis of storage technologies. The impact
that a greater penetration of stochastic renewables may have on
future price variability is a topic that requires further research, as
this will have a direct impact on the proﬁtability of bulk-storage
technologies.
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